Background: Our previous studies have demonstrated that human papillomaviruse (HPV)-16 oncoproteins promoted epithelial-mesenchymal transition (EMT), leading to non-small cell lung cancer (NSCLC) progression, but the underlying molecular mechanisms still remain unclear. PI3K/Akt/HIF-1α signaling pathway has been reported to mediate hypoxia-induced EMT. In this study, we further explored the role of PI3K/Akt/HIF-1α signaling pathway in HPV-16 oncoprotein-induced EMT in NSCLC cells. Methods: A549 and NCI-H460 NSCLC cells were transiently transfected with pEGFP-HPV-16 E6 or E7 constructs. Western blotting and RT-qPCR were respectively performed to determine the protein and mRNA expression of EMT-related transcription factors. HPV-16 E6 or E7-transfected NSCLC cells were co-transfected with specific HIF-1α-siRNA or pretreated with different concentrations of LY294002, a specific PI3K inhibitor, followed by the analysis of expression of EMT-related transcription factors. The correlation between HIF-1α and EMT-related transcription factors in NSCLC tissues was analyzed by immunohistochemical staining and Spearman rank correlation coefficient. Results: HPV-16 E6 and E7 oncoproteins upregulated the expression of Slug and Twist1, the EMT-related transcription factors, at both protein and mRNA levels in A549 and NCI-H460 cells. The co-transfection with specific HIF-1α-siRNA, but not the non-specific (NS)-siRNA, significantly abrogated HPV-16 oncoprotein-induced upregulation of ZEB1, Snail1, Slug, and Twist1 at both protein and mRNA levels. Additionally, pretreatment with LY294002 obviously blocked HPV-16 E6-and E7-induced Snail1, Slug, and Twist1 protein expression in A549 and NCI-H460 cells. Further analysis of clinical specimens showed that HIF-1α protein was strongly expressed in NSCLC tissues, which was positively correlated with ZEB1, Snail1, Slug, and Twist1 protein expression.
Introduction
According to World Health Organization (WHO), lung cancer is the most common cancer-related death, and has no effective treatment worldwide. Lung cancer is divided into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), while the later accounts for about 85% of all lung cancer cases. Long-term exposure to tobacco smoke is the most important cause of lung cancer.
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However, smoking has been banned in many public places, but lung cancer incidence and mortality rates have been increasing in the past 10 years. Moreover, 15% of men and 53% of women with lung cancer were not caused by smoking, which accounted for 25% of all lung cancer cases [1] , and approximately 300,000 never-smokers died of lung cancer each year [2] . Other factors such as exposure to asbestos, radon elements, fumes, and environmental pollution have also been considered as risk factors of lung cancer [3] [4] [5] . However, the causes for many cases of lung cancer still remain largely unknown.
Human papillomaviruses (HPVs), the double-stranded DNA viruses, are divided into high-risk and low-risk types. In 1979, Syrjänen first hypothesized the role of HPV in the progression of bronchial squamous cell carcinoma [6] . Recently, accumulating evidence has demonstrated that high-risk HPV infection may be associated with non-smoking-associated lung cancer [7] [8] [9] [10] [11] [12] . Moreover, HPV-16 E6 and E7 oncoproteins were found to enhance lung cancer progression by upregulating the expression of angiogenic factors including MMP-2, MMP-9, interleukin (IL)-6, IL-8, and IL-17 [13] [14] [15] . Furthermore, our previous study has demonstrated that HPV-16 E6 and E7 oncoproteins promote lung cancer angiogenesis by inducing hypoxia-inducible factor-1α (HIF-1α) protein accumulation and vascular endothelial growth factor (VEGF) expression [16] . These findings suggest that HPV-16 E6 and E7 oncoproteins may play a role in the progression of lung cancer. However, HPV infection was also reported to have no association of HPV status with lung cancer [17] , and the underlying molecular mechanisms by which HPV-16 oncoproteins mediate the progression of non-smoking-associated lung cancer are not completely clear. Therefore, the effects of HPV-16 oncoproteins on the progression of non-smoking-associated lung cancer and the underlying molecular mechanisms need to be further studied.
Epithelial-mesenchymal transition (EMT), the crucial step of invasion and metastasis, mediates the progression of various cancers including lung cancer [18] . EMT is a process that epithelial cell markers (e.g. E-cadherin, cytokeratin, and ZO-1) decrease, mesenchymal cell markers (e.g. N-cadherin, vimentin, and fibroblast-specific protein-1) increase, actin cytoskeletal rebuilds, and cell to cell adhesion and polarity are lost. Moreover, EMT is regulated by several key transcription factors with the structures of zinc finger protein and basic helix-loop-helix (bHLH), including ZEB family members such as ZEB1 and ZEB2, Snail family members such as Snail1 and Snail2 (Slug), and bHLH factors such as Twist. Slug activates ZEB1 transcription, and Twist1 promotes Slug transcription by combining with the E-box near the promoter of Slug, leading to the indirect inhibition of E-cadherin expression and the induction of EMT [19, 20] . ZEB1 was found to induce LOXL2-mediated collagen stabilization and deposition in the extracellular matrix to drive lung cancer invasion and metastasis [21] , and the ERK-ZEB1 pathway mediated EMT in pemetrexed resistant lung cancer cells [22] . Snail1 and Slug were regarded as the important regulators of EMT in lung cancer [23, 24] . Twist1 was reported to determine the occurrence of EMT in EGFR mutated lung adenocarcinoma [25] .These reports indicate that EMT-related transcription factors play a crucial role in the progression of lung cancer. Interestingly, our previous study has demonstrated that HPV-16 E6 and E7 oncoproteins promote EMT in A549 and NCI-H460 NSCLC cells through upregulating the expression of ZEB1 and Snail1 [26] , suggesting that HPV-16 E6 and E7 oncoproteins may promote NSCLC progression by regulating EMT-related transcription factors, but the underlying mechanisms still remain unclear.
HIF-1α, a bHLH-PAS transcription factor, is regulated by cellular oxygen concentration. Under normoxic conditions, HIF-1α protein is hydroxylated at Pro402 and Pro564 residues, triggering HIF-1α protein ubiquitination and degradation. However, the hydroxylation is blocked under hypoxic conditions, thus leading to stabilization and accumulation of HIF-1α protein. HIF-1α plays a key role in tumor angiogenesis, invasion, and metastasis. Recently, HIF-1α has also been demonstrated to mediate EMT via regulating EMT-related transcription factors including ZEB1, Snail, and Twist [27] [28] [29] [30] , thus promoting cancer progression. Interestingly, our previous study has found that HPV-16 E6 and E7 oncoproteins enhance HIF-1α protein accumulation and HIF-1α-dependent VEGF and IL-8 expression in NSCLC cells [16] . Recently, Fan et al. further demonstrated that overexpression of HPV-16 E6 and E7 oncoproteins upregulated the expression of GLUT1 possibly by increasing HIF-1α protein level in lung cancer cells [31] . These findings indicate that HIF-1α is a key transcription factor in mediating the progression of HPV-associated lung cancer. However, it remains to be elucidated whether HIF-1α contributes to HPV-associated lung cancer progression via mediating the expression of EMT-related transcription factors.
PI3K/Akt signaling pathway has been demonstrated to mediate EMT process [32, 33] . Furthermore, the activation of the PI3K/Akt/HIF-1α signaling pathway has been found to play a pivotal role in mediating hypoxia-induced EMT transformation and invasion in rheumatoid arthritis-fibroblast-like synoviocytes (RA-FLSs) [34] and hypoxia-induced EMT and chemoresistance in hepatocellular carcinoma [35] . Our previous study has demonstrated that PI3K/Akt signaling pathway is involved in HPV-16 E6 and E7 oncoprotein-induced HIF-1α protein accumulation and HIF-1α-dependent VEGF and IL-8 expression in NSCLC cells [36] . However, the role of PI3K/Akt/HIF-1α signaling pathway in HPV-16 oncoprotein-induced EMT process in NSCLC cells is not clear.
In this study, we investigated the role of PI3K/Akt/HIF-1α signaling pathway in HPV-16 oncoprotein-induced EMT process in A549 and NCI-H460 NSCLC cells. We demonstrated for the first time, to the best of our knowledge, that PI3K/Akt/HIF-1α signaling pathway mediated HPV-16 E6 and E7 oncoprotein-induced expression of EMT transcription factors in A549 and NCI-H460 cells.
Materials and Methods

Reagents
Transfection reagent (Lipofectamine TM 2000) was obtained from Invitrogen Corporation (Carlsbad, CA). Complete protease inhibitor cocktail was from Roche (Mannheim, Germany). Mouse anti-human HIF-1α monoclonal antibody was from BD Transduction Laboratories (San Diego, CA, USA). Rabbit anti-human ZEB1, Snail1, Slug, and Twist1 primary antibodies and goat anti-rabbit HRP-conjugated secondary antibody were purchased from Cell Signaling Technology (Beverly, MA, USA). Mouse anti-human β-actin antibody, goat anti-mouse HRP-conjugated secondary antibody, LY294002, and lysis buffer were purchased from Beyotime Biotechnology Corporation, Shanghai (Shanghai, China). PrimeScript TM RT reagent Kit with gDNA Eraser (Perfect Real Time) and SYBR ® Premix Ex Taq TM II (Tli RNaseH Plus) qPCR reagent Kit were purchased from TaKaRa Biotechnology (Dalian) Co., LTD (Dalian, China).
Cell lines and Cell Culture
A549 NSCLC cell line was obtained from American Type Culture Collection (ATCC, Rockville, MD), and NCI-H460 NSCLC cell line was purchased from Chinese Academy of Sciences Cell Bank of Type Culture Collection (Shanghai, China). A549 and NCI-H460 cells were cultured in RPMI-1640 media supplemented with 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere with 5% CO2.
NSCLC tissue specimens and Ethic approval
NSCLC tissue specimens were collected from 45 patients with NSCLC in Affiliated Hospital of Guangdong Medical University (Zhanjiang, Guangdong, China) from 2007 to 2010. Meanwhile, the matched non-tumor adjacent lung tissues (1 cm from NSCLC tissues) were obtained from the same patients [37] . The criteria that patients should be met were according to our previous study [37] . This study was received the ethic approval from the local committee of Affiliated Hospital of Guangdong Medical University, and all clinical studies were performed according to the principles defined by the Declaration of Helsinki [37] .
Transient transfection
A series of plasmids including pEGFP-HPV-16 E6, E7, E6-mutant, and E7-mutant were constructed by our lab. A549 and NCI-H460 NSCLC cells at about 80 % confluence were respectively transfected with the above plasmids for 4 h using Lipofectamine TM 2000 transfection reagent according to the manufacturer's instructions. The cells treated with transfection reagent alone served as mock transfection controls, and the cells transfected with pEGFP empty vector or mutant plasmids were regarded as negative controls. The transfection efficiency was analyzed by flow cytometry and the expression of HPV-16 E6 and E7 oncoproteins was determined by Western blot analysis. 24 h post-transfection, transfected cells were harvested to observe the effects of HPV-16 E6 and E7 oncoproteins on Slug (Snail2) and Twist1 expression. Slug and Twist1 protein and mRNA levels were analyzed by Western blot analysis and RT-qPCR, respectively.
RNA interference
The method was as described previously by us [36] . The target sequences of RNA interference (RNAi) against HIF-1α were synthesized by Sangon Biotech (Shanghai) Co., Ltd (Shanghai, China). The sequences of sense strand-directed siRNA against HIF-1α are as follows: HIF-1α-siRNA 5′-GCCGCUCAAUUUAUG-AAUATT-3′; HIF-1α non-specific control siRNA (NS-siRNA) 5′-UUCUCCGAACGUGUCACGUTT-3′. HPV-16 E6 or E7-transfected NSCLC cells were co-transfected for 4 h with HIF-1α-siRNA or NS-siRNA via lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions. 48 h post-transfection, the cells were harvested and subjected to Western blot analysis.
Western blot analysis
The method was as described previously by us [16, 26, 36] . Briefly, total proteins were extracted from transfected or non-transfected cells with lysis buffer (Beyotime Biotechnology Corporation) supplemented complete protease inhibitor cocktail (Sigma). The proteins were separated on 10% PAGE-SDS gel and electro-blotted onto polyvinylidene difluoride (PVDF) membranes. After blocking with TBS or 5% skim milk, the membranes were respectively incubated with their specific primary antibodies overnight at 4°C, followed by the incubation with HRP-conjugated secondary antibodies. As loading controls, the blots were stripped and re-probed with anti-β-actin antibody.
RT-qPCR
The method was as described previously by us [16, 26, 36] .
Total RNA was extracted by homogenization in 1 ml TRIZOL Reagent (Invitrogen), followed by chloroform extraction and isopropanol precipitation. The ZEB-1, Snail1, Slug, and Twist1 relative mRNA levels were analyzed using PrimeScript TM RT reagent Kit with gDNA Eraser 
Immunohistochemical staining
The method was as described previously by us [37] . The results were observed and analyzed in a double-blind manner by two senior pathologists. Ten randomly selected fields were observed and 100 cancer cells were counted in each field (total 10,000 cells) to determine the proportion of positive cells [37] . The semi-quantitative analysis of HIF-1α and ZEB-1, Snail1, Slug, and Twist1 protein expression and the correlation analysis were according to our previous study [37] .
Statistical analysis
All experiments were repeated in triplicate, and all data were shown as mean ± SD for three independent experiments. One way ANOVA, LSD, chi-square (χ 2 ) test, and Spearman rank correlation coefficient were performed for statistical analysis using SPSS 19.0. P<0.05 was considered statistically significant.
Results
Evaluation of the transfection efficiency
The transfection efficiency was first analyzed by flow cytometry. The results showed a transfection efficiency ranged from 50.1% to 66.6% in A549 ( Figure  1A ) and NCI-H460 ( Figure 1B ) NSCLC cells. Furthermore, the expression of HPV-16 E6 or E7 protein in transfected A549 and NCI-H460 cells was confirmed by Western blot analysis ( Figure 1C and D). These results indicated that pEGFP-HPV-16 E6 and E7 plasmids were effectively transfected into A549 and NCI-H460 cells.
HPV-16 oncoproteins upregulated Slug and Twist1 expression in NSCLC cells
EMT has been demonstrated to mediate lung cancer progression [18] , and EMT transcription factors including ZEB1, Snail1, Slug, and Twist1 promoted lung cancer progression by inducing EMT [21] [22] [23] [24] [25] . Our previous study has demonstrated that HPV-16 E6 and E7 oncoproteins enhance ZEB1 and Snail1 expression [26] . In this study, we further analyzed the effect of HPV-16 oncoproteins on the expression of Slug and Twist1. We further found that HPV-16 E6 and E7 oncoproteins promoted Slug and Twist1 protein expression in both A549 and NCI-H460 NSCLC cells as compared with empty vector or mutant controls (Figure 2A) . Moreover, Slug and Twist1 mRNA levels were also upregulated by HPV-16 E6 and E7 oncoproteins in A549 and NCI-H460 cells (P<0.01, Figure 2B) 
HPV-16 oncoprotein-induced upregulation of EMT-related transcription factors in NSCLC cells was HIF-1α-dependent
HIF-1α
upregulates the expression of EMT-related transcription factors [27] [28] [29] [30] and our previous studies have demonstrated that HPV-16 oncoproteins enhance HIF-1α protein accumulation in NSCLC cells [16, 38] . To further determine the role of HIF-1α in HPV-16 oncoprotein-induced expression of EMT-related transcription factors, HPV-16 E6-or E7-transfected NSCLC cells were co-transfected with HIF-1α siRNA or NS-siRNA. Our results showed that the increased protein expression of ZEB1, Snail1, Slug, and Twist1 induced by HPV-16 E6 oncoprotein was abrogated by HIF-1α siRNA co-transfection, but not by NS-siRNA co-transfection in both A549 ( Figure 3A ) and NCI-H460 ( Figure 3B ) cells. In addition, the knockdown of HIF-1α had a similar effect on HPV-16 E7 oncoprotein-induced Snail1, Slug, Twist1, and ZEB1 protein expression in both A549 ( Figure 3C ) and NCI-H460 ( Figure 3D ) cells. To further explore the role of HIF-1α in regulating the transcription levels of EMT-related transcription factors, RT-qPCR was performed to determine their mRNA levels after co-transfection. Our results showed that mRNA levels of ZEB1, Snail1, Slug, and Twist1 upregulated by HPV-16 E6 and E7 oncoproteins were also significantly blocked by HIF-1α-siRNA co-transfection, but not by NS-siRNA co-transfection in A549 cells (Figure 4 ). Taken together, these results indicated that HPV-16 oncoprotein-mediated up-regulation of ZEB1, Snail1, Slug, and Twist1 expression in NSCLC cells was HIF-1α-dependent.
PI3K/Akt signaling pathway was involved in HPV-16 oncoprotein-mediated upregulation of EMT-related transcription factors in NSCLC cells
We have previously demonstrated that HPV-16 oncoproteins promote the activation of PI3K/Akt signaling pathway in NSCLC cells [36] . In this study, we further determined whether PI3K/Akt signaling pathway is involved in the expression of Snail1, Slug and Twist1 induced by HPV-16 E6 and E7 oncoproteins in NSCLC cells. HPV-16 E6-or E7-tranfected A549 and NCI-H460 cells were pretreated for 16 h with different concentrations of LY294002 (5, 10, 25, and 50 μM), a specific PI3K inhibitor, followed by Western blot analysis for Snail1, Slug, and Twist1 protein expression. As shown in Figure 5 , the pretreatment with different concentrations of LY294002 inhibited HPV16 E6 ( Figure 5A and B)-and E7 ( Figure 5C and D)-induced Snail1, Slug, and Twist1 protein expression in both A549 and NCI-H460 cells, whereby the maximal inhibitory effect was noticed when the cells were pretreated with 50 μM of LY294002. These results suggest that PI3K/Akt signaling pathway is indispensable for HPV-16 E6 or E7 oncoprotein-induced upregulation of EMT-related transcription factors including Snail1, Slug, and Twist1.
HIF-1α protein expression was positively correlated with ZEB1, Snail1, Slug, and Twist1 protein expression in NSCLC tissues.
Our previous study demonstrated that EMT-related transcription factors including ZEB1, Snail1, Slug, and Twist were highly expressed in NSCLC tissues [37] . In this study, we further found that HIF-1α protein was robustly expressed in NSCLC tissues (Figure 6 ), and HIF-1α positive rate in NSCLC tissues (30/45, 66.7%) was much higher than that in the matched non-tumor adjacent lung tissues (10/45, 22.2%) (χ 2 =18.0, P < 0.01). Furthermore, Spearman rank correlation analysis showed that the abundant expression of HIF-1α protein in NSCLC tissues was positively correlated with ZEB1, Snail1, Slug, and Twist1 protein expression (P < 0.01, Table 1 ).
Discussion
HPV-16 E6 and E7 oncoproteins can inactivate tumor suppressors Rb and P53, respectively, leading to cervical cancer progression. Recently, HPV-16 E6 and E7 oncoproteins have been reported to promote lung cancer progression [13] [14] [15] . Our previous study has further demonstrated that HPV-16 E6 and E7 oncoproteins enhance the expression of HIF-1α, VEGF, IL-8, triggering lung cancer angiogenesis [16] . Recently, HIF-1α has been reported to regulate EMT by modulating the expression of EMT-related transcription factors including ZEB1, Snail, and Twist [27] [28] [29] [30] , and VEGF-A stimulated Snail expression in breast tumor cells [39] and VEGFR-1 activation led to an increase in the expression of Snail, Twist, and Slug in pancreatic carcinoma cells [40] . Furthermore, the inhibition of IL-8 expression and activity was found to prevent Snail-induced EMT in colorectal cancer cells [41] . These data suggest that HPV may affect the expression of EMT-related transcription factors by mediating HIF-1α, VEGF, and IL-8 in lung cancer cells. Interestingly, our previous study has demonstrated that HPV-16 E6 and E7 oncoproteins significantly upregulate ZEB1 and Snail1 expression in A549 and NCI-H460 NSCLC cells [26] . In this study, we further confirmed that HPV-16 E6 and E7 oncoproteins dramatically promoted Slug and Twist1 expression in A549 and NCI-H460 cells (Figure 2) . However, the underlying molecular mechanisms by which HPV-16 oncoproteins enhanced the expression of EMT-related transcription factors are unclear. Hypoxia microenvironment can induce the occurrence of EMT regulated by HIF-1α [30, 42, 43] . Hypoxia is one of the inherent characteristics of tumor, and HIF-1α plays a key role in mediating tumor angiogenesis, invasion, and metastasis by regulating the transcription of multiple downstream genes. Recently, HIF-1α has been found to induce EMT by regulating the expression of EMT-related transcription factors including ZEB1, Snail, and Twist, and immortalizing mesenchymal phenotype, thereby accelerating the deterioration of tumors [27] [28] [29] [30] . Our previous studies have demonstrated that HPV-16 E6-and E7-induced VEGF and IL-8 expression and angiogenesis in NSCLC cells is HIF-1α-dependent [16, 36] , indicating that HIF-1α plays an important role in lung cancer angiogenesis promoted by HPV-16 E6 and E7 oncoproteins. In this study, we further found that the knockdown of HIF-1α significantly inhibited HPV-16 E6-and E7-induced the expression of ZEB1, Snail1, Slug, and Twist1 proteins in A549 cells ( Figure  3A and C) . Consistent results were obtained in NCI-H460 cells (Figure 3B and D) . To further understand the role of HIF-1α in ZEB1, Snail1, Slug, and Twist1 transcription, RT-qPCR was performed to analyze the effect of HIF-1α knockdown on ZEB1, Snail1, Slug, and Twist1 mRNA levels. Our results further demonstrated that the mRNA levels of ZEB1, Snail1, Slug, and Twist1 upregulated by HPV-16 oncoproteins were HIF-1α-dependent in A549 lung cancer cells (Figure 4) . Moreover, we demonstrated that HIF-1α protein expression was positively correlated with ZEB1, Snail1, Slug, and Twist1 protein expression in NSCLC tissues ( Figure 6 and Table 1 ). Taken together, these results support the notion that HIF-1α plays a crucial role in HPV-16 oncoprotein-induced EMT via regulating the expression of EMT-related transcription factors, triggering the progression of NSCLC.
Our previous study has demonstrated that HPV-16 E6 and E7 oncoproteins promote the activation of PI3K/Akt signaling pathway in A549 and NCI-H460 NSCLC cells [36] . Recently, PI3K/Akt signaling pathway has been reported to mediate EMT and metastasis by regulating the transcription of ZEB1 [46] and the expression of Snail [45] [46] [47] and Twist [48] . In the present study, we further demonstrated that the pretreatment with LY294002, a specific PI3K inhibitor, robustly downregulated HPV-16 E6 or E7 oncoprotein-induced Snail1, Slug, and Twist1 protein expression in A549 and NCI-H460 cells ( Figure 5 ), suggesting that PI3K/Akt signaling pathway was involved in the expression of EMT-related transcription factors induced by HPV-16 oncoprotiens in NSCLC cells. Our previous study has demonstrated that PI3K/Akt signaling pathway mediates HPV-16 oncoprotein-induced HIF-1α protein accumulation [36] , and PI3K/Akt/HIF-1α signaling pathway was found to be involved in EMT process [34, 35] . In the present study, we confirmed that HPV-16 E6 and E7 oncoproteins in NSCLC cells promoted the expression of EMT-related transcription factors in a HIF-1α-dependent manner. Taken together, PI3K/Akt/HIF-1α signaling pathway may play a key role in HPV-16 E6 and E7 oncoprotein-induced expression of EMT-related transcription factors in NSCLC cells.
Conclusion
In summary, our present study demonstrated for the first time to the best of our knowledge that PI3K/Akt/HIF-1α signaling pathway mediated EMT process by regulating EMT-related transcription factors including ZEB1, Snial1, Slug, and Twist1, thus leading to the progression of NSCLC. These findings suggest that PI3K/Akt/ HIF-1α signaling pathway might be a potential target for the prevention and treatment of HPV-associated NSCLC.
